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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Fatigue surface crack growth are studied through experiments and computations for aluminum alloy D16T. Subjects for studies 
are cruciform specimens under different biaxial loading with external semi-elliptical surface crack. The variation of fatigue crack 
growth rate and surface crack paths behaviour was studied under cyclic uniaxial tension, equal biaxial tension and biaxial 
tension-compression loading. For the experimental surface crack paths in tested specimens the T-stress, the out-of-plane TZ 
factor, the local triaxiality parameter h and the governing parameter for the 3D-fields of the stresses and strains at the crack tip in 
the form of In-integral were calculated as a function of aspect ratio by finite element analysis to characterization of the constraint 
effects along semi- lliptical crack front. Both elastic and plastic stress intensity factor approach was pplied to the fatigue crack 
growth on the free surface of the cruciform specimens as well as in the deepest point of the semi-elliptical surface crack front. As 
result principal particularities of the fatigue surface crack growth rate as a function of loading conditions were established. The 
experimental and numerical results of the present study provide an opportunity to explore the suggestion that crack growth rate 
may be represented by the plastic stress intensity factor, rather than the magnitude of the elastic SIF alone. 
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1. Introduction 
The fatigue crack growth rate study is one of the most important elements in structural integrity prediction of the 
structural components with accumulated operational damages. Biaxial loading conditions are typical for the metallic 
components of engineering structures. The residual fatigue life prediction for structural elements with surface flaws 
is complex problem. Numerical calculations of the stress intensity factors along the front of the surface flaw and 
crack growth rate study on this base were performed by Shlyannikov et al. (2010, 2011). 
In this paper, experimental results of fatigue crack growth for a crack starting from a semi-elliptical notch in 
cruciform specimens under biaxial loading are given. The influence of different biaxial loading conditions on the 
fatigue life of cruciform specimens was discussed. Distributions of the governing parameter of elastic-plastic stress 
field along the crack front in cruciform specimens were obtained by FEM numerical computations. On this base 
crack growth rate diagrams were given in terms of the traditional elastic and new plastic stress intensity factors.  
2. Specimen geometry and experimental crack paths 
The present numerical and experimental study is concerned with investigation of the surface cracks propagation 
under biaxial loading. The test material is aluminum alloy D16T which main mechanical properties are listed in 
Table 1, where E is the Young’s modulus, σb is the nominal ultimate tensile strength, σ0 is the monotonic tensile 
yield strength, σu is the true ultimate tensile strength, δ is the elongation, ψ is the reduction of area, n is the strain 
hardening exponent and α is the strain hardening coefficient. 
     Table 1. Main mechanical properties of aluminum alloy. 
Aluminum alloy σ0, MPa σb, MPa δ, % ψ, % σu, MPa E, GPa n α 
D16T 438 598 12 13 686 77.191 5.85 1.58 
 
The geometry of the cruciform specimen (CS) with semi-elliptical notch is shown in Fig. 1. The thickness of 
specimen is equal to 10 mm. The initial crack front is approximated by an elliptical curve with the major axis 2c and 
the minor axis 2a. Tensile or compressive loads were applied to each pair of arms of the cruciform specimen, 
developing the biaxial stress field in the working section. 
 
             
Fig. 1.Geometry of the cruciform specimen and initial surface flow. 
The fatigue crack growth tests for cruciform specimens were carried out with servo hydraulic biaxial test system 
(Fig. 2,a) at room temperature with sinusoidal loading form at frequency of 5 Hz and a stress ratio R=0.1. Crack 
growth rate in CS specimens were studied for uniaxial tension (λ=0.0), equal biaxial tension (λ=+1.0), biaxial 
tension (λ=+0.5) and biaxial tension-compression (λ=-1.0). All tests were performed for pure mode I conditions at 
crack angle of α = 90°. 
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(a)                                                                           (b) 
Fig. 2. Experimental study of surface crack growth in CS specimens under biaxial loading. 
Both optical microscopy and crack opening displacement (COD) method are used to monitor the surface crack 
propagation in CS specimens. The crack opening displacements were measured on the free surface of specimen in 
the central plane of symmetry, as shown in Figs. 2,b. The crack length c on the specimen lateral surface was 
monitored using the optical instrumental zoom microscope. In order to fix the semi-elliptical crack front propagation 
during the test, beach marks were produced on each specimen by increasing the applied stress ratio R from 0.1 to 
0.75 at constant value of the maximum cyclic nominal stresses σmax. Experimental crack fronts as a function of 
number of cycles of loading on the cross section of CS specimen are shown in Fig. 3,a,b.  
 
                 
(a)                                                          (b)                                                       (c)                             
Fig. 3. Experimental data of the crack propagation in cruciform specimens under biaxial loading.  
As it follows from Fig. 3,a,b the crack propagation process in CS specimens under biaxial loading can be divided 
into two stages. In the first stage, crack propagates as a surface flow. In the second stage, the semi-elliptical crack 
completely crosses the specimen thickness B and propagates as a through-thickness crack. From these experimental 
data, the relations between the relative crack depth a/t and the aspect ratio a/c were obtained for considered types of 
biaxial loading (Fig. 3,c). In the CS specimens the fatigue fracture process depends on the loading conditions, the 
aspect ratio a/c is an increasing function of the crack depth a/t and it also depends on the type of biaxial loading. 
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Relations between the aspect ratio a/c and the relative crack depth a/t were described by polynomial functions 
(Table 2).  
     Table 2.  Approximations for relations between aspect ratio and relative crack depth 
Type of loading  Polynomial functions 
λ=+1 (a/c) = -2.6494 (a/t)3+ 5.6642 (a/t)2 – 3.4248 (a/t) + 0.9548 
λ=+0.5 (a/c) = -0.1063 (a/t)2 + 0.7167 (a/t) – 0.00668 
λ=0 (а/с) = -0.9115 (a/t)2 + 1.6944 (a/t) – 0.3017 
λ=-1 (a/c) = -0.6889 (a/t)3 + 1.2542 (a/t)2 – 2.4382 (a/t) + 0.1928 
 
By using these approximations for relations between aspect ratio and relative crack depth, it is possible to 
determine the crack growth rate in the depth direction in CS specimens under different loading conditions. 
Experimental data presented in Figs. 3 were used as a basis for numerical calculations. 
 
3. Numerical study 
As it mentioned above, the crack propagation process in CS specimens under biaxial loading can be divided into 
two stages. FEM analysis was performed for both semi-elliptical and curvilinear through-the-thickness cracks in the 
CS specimens to determine the stress strain fields along the crack front under different loading conditions. Typical 
finite element meshes for the CS specimen are illustrated in Fig. 4.   
 
         
Fig. 4. FEM-meshes for cruciform specimens with surface flow 
 
Numerical analysis for the elastic constraint parameters in the form of the non-singular T-stress and TZ –factor, as 
well as the elastic-plastic constraint parameters, in the form of the local stress triaxiality h and In-factor along the 
experimental crack fronts in CS specimen for the considered types of biaxial loading was performed by Shlyannikov 
et al. (2016). Primarily, the numerical calculations of the present study are concerned with the determination of the e 
plastic stress intensity factors (SIF) along the crack front in the CS specimens under different biaxial loadings. In 
order to compare plastic SIF distributions along the semi-elliptical crack front and through the thickness of 
specimen, dimensionless coordinates in the following form: φ = 2φ/π for a semi elliptical crack and z/B for a 
through-thickness crack were introduced  
The plastic stress intensity factor Kp in pure Mode I can be expressed directly in terms of the corresponding 
elastic stress intensity factor using Rice’s J-integral as follows: 
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where wKK /11   is elastic SIF normalized by a characteristic size of cracked body,   and n are the hardening parameters, λ=a/w is the dimensionless crack length, w is specimen width, σ is the nominal stress, and σ0 is the yield 
stress, In is governing parameter for 3D-fields of the stresses and strains at the crack tip. Shlyannikov and Tumanov 
(2014) suggested the procedure for calculating the governing parameter of the elastic–plastic stress–strain fields in 
the form of In for the different specimen geometries by means of the elastic–plastic FE-analysis of the near crack-tip 
stress-strain fields. In this study, the numerical integral of the crack tip field In changes not only with the strain 
hardening exponent n but also with the relative crack length c/w and the relative crack depth a/t.  
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Fig. 5 shows the distributions of the plastic SIF the along semi-elliptical crack fronts in the tested cruciform 
specimens for the first fatigue fracture stage. The distribution of plastic SIF for semi-elliptical cracks are presented 
for two positions of the crack front, i.e., (a/c)=0.3 and (a/c)=0.6, which correspond to different numbers of 
accumulated cycles of loading. In the case of through-thickness defects, plots are also presented for the two inclined 
crack fronts, where their positions are determined by the equivalent crack lengths of ceqv /w=0.35 and ceqv /w=0.7. 
 
     
Fig. 5. Plastic stress intensity factor behavior for semi-elliptical crack under biaxial loading. 
Distributions of the plastic SIF along through-thickness crack front in the CS specimens under biaxial loading are 
presented in Fig.6. Plastic SIF distributions are given for two crack fronts in CS specimen, for the first inclined 
through-thickness crack front (ceqv/w=0.35) and the final crack front before failure (ceqv/w=0.7). Numerical results 
for plastic SIF distributions in CS specimens under different types of biaxial loading were used for crack growth rate 
interpretation.  
 
 
6 Author name / Structural Integrity Procedia  00 (2016) 000–000 
 
            
Fig. 6. Plastic stress intensity factor behavior for through thickness crack under biaxial loading.  
4. Crack growth rate interpretation 
In the present study interpretation of the crack growth rate in cruciform specimens under biaxial loading was 
given by using numerical results for the plastic SIF distributions mentioned above. Fig. 7 shows the typical crack 
growth rate diagrams in coordinates of the crack growth rate versus plastic SIF for the different types of biaxial 
loading. Fig.7,a represents crack growth rate da/dN as a function of plastic SIF in the deepest point of crack front. It 
should be noted that plastic SIF Kp gradually increases with increasing crack depth a. 
 
         
(a)                                                                  (b) 
Fig. 7. Crack growth rate diagram in terms of plastic SIF 
Crack growth rate in Fig 7,b is presented for surface point C on the lateral surface of CS specimens for a general 
cyclic fracture process, including both stages of crack propagation. At the first stage crack growth rate changes 
significantly for small changes in the plastic SIF. During the second stage, significant reduction of the crack growth 
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Fig. 5 shows the distributions of the plastic SIF the along semi-elliptical crack fronts in the tested cruciform 
specimens for the first fatigue fracture stage. The distribution of plastic SIF for semi-elliptical cracks are presented 
for two positions of the crack front, i.e., (a/c)=0.3 and (a/c)=0.6, which correspond to different numbers of 
accumulated cycles of loading. In the case of through-thickness defects, plots are also presented for the two inclined 
crack fronts, where their positions are determined by the equivalent crack lengths of ceqv /w=0.35 and ceqv /w=0.7. 
 
     
Fig. 5. Plastic stress intensity factor behavior for semi-elliptical crack under biaxial loading. 
Distributions of the plastic SIF along through-thickness crack front in the CS specimens under biaxial loading are 
presented in Fig.6. Plastic SIF distributions are given for two crack fronts in CS specimen, for the first inclined 
through-thickness crack front (ceqv/w=0.35) and the final crack front before failure (ceqv/w=0.7). Numerical results 
for plastic SIF distributions in CS specimens under different types of biaxial loading were used for crack growth rate 
interpretation.  
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Fig. 6. Plastic stress intensity factor behavior for through thickness crack under biaxial loading.  
4. Crack growth rate interpretation 
In the present study interpretation of the crack growth rate in cruciform specimens under biaxial loading was 
given by using numerical results for the plastic SIF distributions mentioned above. Fig. 7 shows the typical crack 
growth rate diagrams in coordinates of the crack growth rate versus plastic SIF for the different types of biaxial 
loading. Fig.7,a represents crack growth rate da/dN as a function of plastic SIF in the deepest point of crack front. It 
should be noted that plastic SIF Kp gradually increases with increasing crack depth a. 
 
         
(a)                                                                  (b) 
Fig. 7. Crack growth rate diagram in terms of plastic SIF 
Crack growth rate in Fig 7,b is presented for surface point C on the lateral surface of CS specimens for a general 
cyclic fracture process, including both stages of crack propagation. At the first stage crack growth rate changes 
significantly for small changes in the plastic SIF. During the second stage, significant reduction of the crack growth 
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rate is observed and crack growth occurs in a wide range of plastic SIF.  These experimental data present advantages 
of applications of plastic SIF for characterization of fatigue fracture resistance of materials. 
The general features of fatigue fracture diagrams of metallic materials were introduced by Yarema and Panasiuk 
(1996). The basic characteristics are: fatigue crack growth threshold Kth; fatigue fracture toughness Kfc; parameters 
of Paris equation described linear part of crack growth rate diagram. In this paper fatigue fracture diagrams in terms 
of plastic SIF was introduced as a generalized diagram in normalized coordinates: 
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where υs-crack growth rate (da/dN) at Kps and Kps=(Kpfc Kpth)0.5, Kpfc и Kpth - maximum and minimum values of 
the plastic SIF on the crack growth rate diagrams, υfc=10-2 mm/cycle and υth=10-12 mm/cycle, υ0=10-4 mm/cycle, m-
parameter in Paris equation.  
 
  
Fig. 9. Crack growth rate diagram in normalized coordinates 
Fig. 9 shows a generalized crack growth rate diagram in normalized coordinates. All represented experimental 
data of crack growth rate in cruciform specimens obtained for different types of biaxial loading remain in narrow 
scatter band. Thus, the generalization of typical fatigue fracture diagrams in normalized coordinates provides a 
single curve that describes the strong correlation between crack growth rate dc/dN and SIF ΔKp for different loading 
conditions.  
 
8 Author name / Structural Integrity Procedia  00 (2016) 000–000 
4. Conclusions 
Fatigue surface crack propagation in cruciform specimens from D16T aluminum alloy under biaxial loading was 
studied. Experimental results showed that biaxial in-plane loading led to two main stages of cyclic fracture process 
of surface crack. A significant reduction of the crack growth rate was observed in the direction of the deepest point 
of the crack front with respect to the crack front intersection with the free surface of the tested specimens as a 
function of loading conditions. The experimental and numerical results of the present study background provide an 
opportunity to explore the suggestion that crack growth rate may be represented by the plastic stress intensity factor, 
rather than the magnitude of the elastic SIF alone. The fatigue fracture diagram in terms of plastic SIF was 
introduced as a generalized diagram in normalized coordinates. The generalization of typical fatigue fracture 
diagrams in normalized coordinates provides a single curve that describes the strong correlation between crack 
growth rate dc/dN and plastic SIF Kp for different loading conditions. 
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4. Conclusions 
Fatigue surface crack propagation in cruciform specimens from D16T aluminum alloy under biaxial loading was 
studied. Experimental results showed that biaxial in-plane loading led to two main stages of cyclic fracture process 
of surface crack. A significant reduction of the crack growth rate was observed in the direction of the deepest point 
of the crack front with respect to the crack front intersection with the free surface of the tested specimens as a 
function of loading conditions. The experimental and numerical results of the present study background provide an 
opportunity to explore the suggestion that crack growth rate may be represented by the plastic stress intensity factor, 
rather than the magnitude of the elastic SIF alone. The fatigue fracture diagram in terms of plastic SIF was 
introduced as a generalized diagram in normalized coordinates. The generalization of typical fatigue fracture 
diagrams in normalized coordinates provides a single curve that describes the strong correlation between crack 
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